Mississippi State University

Scholars Junction
Theses and Dissertations

Theses and Dissertations

8-12-2016

Faster-X Evolution in the Speciation of Heliconius Butterflies
Margarita Baquero

Follow this and additional works at: https://scholarsjunction.msstate.edu/td

Recommended Citation
Baquero, Margarita, "Faster-X Evolution in the Speciation of Heliconius Butterflies" (2016). Theses and
Dissertations. 2240.
https://scholarsjunction.msstate.edu/td/2240

This Graduate Thesis - Open Access is brought to you for free and open access by the Theses and Dissertations at
Scholars Junction. It has been accepted for inclusion in Theses and Dissertations by an authorized administrator of
Scholars Junction. For more information, please contact scholcomm@msstate.libanswers.com.

Template C v3.0 (beta): Created by J. Nail 06/2015

Faster-X evolution in the speciation of Heliconius butterflies

By
TITLE PAGE
Margarita Baquero

A Thesis
Submitted to the Faculty of
Mississippi State University
in Partial Fulfillment of the Requirements
for the Degree of Master of Science
in Biological Sciences
in the Department of Biological Sciences
Mississippi State, Mississippi
August 2016

Copyright by
COPYRIGHT PAGE
Margarita Baquero
2016

Faster-X evolution in the speciation of Heliconius butterflies
By
APPROVAL PAGE
Margarita Baquero
Approved:
____________________________________
Brian A. Counterman
(Major Professor)
____________________________________
Diana C. Outlaw
(Committee Member)
____________________________________
Federico G. Hoffman
(Committee Member)
____________________________________
Matthew W. Brown
(Committee Member)
____________________________________
Mark E. Welch
(Graduate Coordinator)
____________________________________
Rick Travis
Interim Dean
College of Arts & Sciences

Name: Margarita Baquero
Date of Degree: August 12, 2016

ABSTRACT
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Candidate for Degree of Master of Science
The X and Z chromosomes have unique characteristics that lead to unique
evolutionary consequences. Lepidopterans have a well-known, disproportionately large-Z
effect for behavioral and morphological traits that distinguish closely related species. A
potential explanation for the Large-X effect is the faster evolution of the sex chromosome
(Faster-X evolution). We use whole genome re-sequencing of Heliconius erato races and
of the incipient species H. himera to test for faster-Z evolution between hybridizing
populations at different reproductive isolation levels, by calculating divergence and
nucleotide diversity. We show evidence for Faster-Z evolution in Heliconius butterflies at
the early stages of speciation and along the speciation continuum. Evidence of higher
divergence and lower nucleotide diversity suggests not only selection but also nonadaptive process, like demographic changes, may be driving faster-Z evolution,
especially in the incipient species.
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CHAPTER I
BACKGROUND
1.1

The sex chromosome
The X chromosome, or Z chromosome in birds and Lepidoptera, has certain

characteristics that can lead to unique evolutionary consequences (Sackton et al., 2014).
First, the hemizygosity of sex chromosomes in the heterogametic sex allows recessive
alleles to always be expressed and exposed to natural selection. Second, the
heterogametic sex only has one copy of the X or Z chromosome, so each one of these
chromosomes has spent two-thirds of its time in the homogametic sex. Third, the
effective population size (NE) is three-quarters compared to autosomes, due to the lack of
that chromosome in the heterogametic sex (Coyne and Orr, 1989; Schaffner, 2004). And
fourth, recombination also differs between the sex chromosome and the autosomes,
because it cannot occur between the X- and Y-chromosomes and between the Z and W
chromosomes (Reinhold, 1998). Together, these characteristics suggest there may be very
different evolutionary fates for variation the Z/X chromosome relative to autosomes.
1.2

The “Large-X or Z effect”
In addition to their particular characteristics, sex chromosomes have been known

to play an important role in reproductive isolation between closely related taxa. This has
been reflected with the “Two rules of speciation”: “Haldane’s Rule” and the “large-X
effect”. The first rule, known as “Haldane’s Rule,” refers to the tendency of the
1

heterogametic sex to be sterile or unviable when hybridization occurs (Coyne and Orr,
1989). The second, known as the “Large-X effect,” refers to the disproportionately large
effect the X chromosomes on species differences and reproductive isolation (Coyne and
Orr, 1989; Hu and Filatov, 2015). Both rules are supported by evidence from animal and
plant species.
The evidence for the large-X effect comes from various taxa (Coyne, 1992;
Coyne and Orr, 1989; Presgraves, 2008). In Lepidoptera, as well as in birds and some
amphibians, the female is the heterogametic sex; in these taxa the large-X effect is known
as the large-Z effect. Initially, the large-X effect was described from the observation in
Drosophila that a disproportionate number of loci contributing to post-zygotic isolation
were X-linked. In particular, in Drosophila the X chromosome has a strong effect on
hybrid sterility and inviability of males (Coyne, 1992; Khadem and Krimbas, 1991;
Presgraves, 2008; True et al., 1996). Tao et al (2003) determined that the X chromosome
has ~2.5 times the density of hybrid male sterility factors compared to the autosomes;
supporting the excess of hybrid male sterility factors found in the sex chromosome,
which has now been reported for numerous species of Drosophila (Masly and Presgraves,
2007; Presgraves, 2008; True et al., 1996).
Today, the large-X effect has been reported for a wide variety of traits in many
different plants and animals, including many sexually selected traits that have the
potential to influence pre-mating isolation (Reinhold, 1998). In birds, between
hybridizing Ficedula flycatcher species, characters like species recognition, speciesspecific male plumage traits, which are directly involved in reinforcing prezygotic
isolation, and genes causing low hybrid fitness, are Z-linked (Ellegren, 2009; Sæther et
2

al., 2007; Sætre et al., 2003). The large-X effect was for the first time demonstrated in
plants in two closely related dioecious species. Hu and Filatov (2005) show that, despite
the recent origin of the sex chromosome in the system, the X chromosome harbors a
disproportionate large level of genes responsible for interspecific differentiation. In
Lepidoptera there is a well-known, disproportionately large-Z effect for behavioral and
morphological traits that distinguish closely related species (Merrill et al., 2013;
Presgraves, 2002; Prowell, 1998; Sperling, 1994). This large-Z effect in Lepidoptera is
much more dramatic than in Drosophila, since in moths and butterflies the Z
chromosome is generally much smaller than the X in Drosophila, accounting for ~3% of
the genome (Saifl and Chandra, 1999; Tao et al., 2003). Despite all the evidence, the
causes for the large-X (and Z) effect still remain unresolved (Hu and Filatov, 2015).
1.2.1

Explanations for the Large-X effect
Several causes have been proposed to explain the large-X effect. First, sex

chromosome meiotic drive, which states that the allelic transmission through the male
germline is often disrupted by selfish meiotic drive elements (segregation distorter loci),
where the selfish alleles incapacitate or kill sperm bearing allelic opponents, so that the
drive element-bearing sperm will be preferentially transmitted to the next generation.
This process causes a co-evolutionary arms race between drivers and their suppressors
that can cause the evolution of hybrid male sterility (Coyne and Orr, 2004; Masly and
Presgraves, 2007; Presgraves, 2008). Another proposed explanation is “faster-male
evolution”, which suggests that spermatogenesis is a sensitive process that can lead to the
more rapid changes to genes expressed primarily in males (Coyne and Orr, 2004; Masly
and Presgraves, 2007; Wu et al., 1996; Wu and Davis, 1993). These more divergent
3

genes in males would more likely cause problems in hybrids (Coyne and Orr, 2004; Wu
and Davis, 1993). Support for faster-male evolution has been found in Drosophila for
autosomal factors contributing to hybrid male sterility and Haldane’s rule (Coyne and
Orr, 2004). However, in Drosophila the X chromosome is de-masculinized (i.e. a paucity
of gene with male specific expression) (Kaiser and Bachtrog, 2010; Zhou and Bachtrog,
2012), so faster-male evolution cannot explain the large-X effect in Drosophila.
Furthermore, in Lepidoptera the females are the heterogametic sex and therefore fastermale evolution could not possibly explain the large-Z effect. A third potential explanation
of the large X effect is the dominance theory, which suggests that the hemizygosity of X
or Z genes in the heterogametic sex causes the exposure of recessive alleles to selection
(Coyne and Orr, 2004, 1989). Under a Dobzhansky-Muller Incompatibility (DMI) model,
these X-liked recessive alleles fail to properly interact with an autosomal counterpart,
which leads to hybrid sterility of inviability. Although dominance theory can explain
Haldane’s rule, it cannot explain the large-X effect. Since the DMI model involves both
X-linked and autosomal loci, we may expect a similar proportion of loci on the X and
autosomes to hybrid sterility or inviability. Obviously, this cannot explain the ~2.5 times
greater density of hybrid male sterility factors on the X chromosome relative to
autosomal factors, as seen in Drosophila (Tao et al., 2003). Interestingly, in butterflies Zlinked hybrid incompatibilities are common, but a detailed dissection of the relative
density of incompatibility loci on the Z and autosome has not been carried out in
Lepidoptera. The last hypothesis, faster-X or Z evolution, can explain both the large-X
effect and Haldane’s rule in XY and ZW sex chromosome systems (Coyne and Orr, 2004,
1989; Jiggins et al., 2001; Presgraves, 2008). Faster-X or Z evolution is the faster
4

evolution of the genes on the sex chromosome relative to autosomes (Charlesworth et al.
1987). Theoretically there are numerous conditions that can lead to X-linked loci
evolving faster than autosomal ones, including differences in mutation rate, effective
population size and the efficacy of natural selection. In Drosophila, faster-X evolution
was previously shown to be one the major drivers the large-X effect (Naveira, 2003).
1.2.2

Faster-X or Z evolution
There are several conditions that can result in a higher rate of substitution on the

sex chromosome relative to autosomes. Charlesworth et al. (1987) demonstrated that if
new mutations are on average at least partially recessive, adaptive alleles on the sex
chromosomes should become fixed in a population more rapidly than autosomal ones,
resulting in the so-called faster-X evolution. Vicoso and Charlesworth (2009) recently
extended the early theoretical work of Charlesworth et al. (1987) and demonstrated that
the difference in effective population size between the X and autosomes (NEX/NEA) is a
crucial parameter that affects the rates of divergence on sex chromosomes and
autosomes. In particular, they showed that when the X effective population size is greater
than the expected 3/4 of the autosomes, faster-X is expected regardless of the recessivity
of the mutation. Therefore, if for any reason the homogametic sex becomes more
abundant than the heterogametic sex in a population, there is an increase of the X or Z
chromosome in the population relative to the autosomes having as a result NEX/NEA>3/4.
Interestingly, faster-X is not expected if adaptation occurs from standing genetic
variation, at least if the X/A ratio is of 0.75 as seems to be the case for Drosophila
pseudoobscura (Ávila et al., 2014; Betancourt et al., 2002; Charlesworth et al., 1987; Orr
and Betancourt, 2001). It is suggested that non-adaptive processes can also cause faster-X
5

evolution. As well as selection, demographic changes can generate low levels of variation
at X-linked loci (Borge et al., 2005). Previous studies in Drosophila have seen that
reduced variability in the X chromosome relative to autosomes is consistent with a
demographic bottleneck at the origin of a population, and that coalescent times under
neutrality can be very variable (Baines and Harr, 2007; Wall et al., 2002). Between two
populations that are diverging shared polymorphisms are gradually lost due to random
drift, this process is faster if the population size is small or reduced (i.e. bottleneck). This
can lead to the greater accumulation of population/species specific alleles on the X/Z
chromosome relative to autosomes, which is considered a signature of faster-X evolution.
Therefore in studies of faster-X evolution it is important to distinguish the role
demography and drift versus selection in driving the rapid accumulation of Z-linked
allele frequency differences and substitutions (Borge et al., 2005).
Faster-X evolution has been tested in various taxa such as Drosophila, mammals,
aphids, birds and Lepidoptera (Meisel and Connallon, 2013; Sackton et al., 2014). FasterX evolution, between distantly related species or taxa, can be tested by analyzing
molecular rates of evolution. Evidence of fast-X would be seen by the higher rate of
amino acid coding changes in sex-linked genes relative to autosomal ones. The rates of
non-synonymous (dN) to synonymous (dS) substitution provide measures for the rates of
adaptive and neutral change, respectively. dN/dS has been broadly used in different taxa to
test for faster-X evolution (Mank et al., 2007). By using dN/dS in Drosophila, different
strategies have supported for faster-X evolution: comparing large numbers of genes
(single copy) form the X chromosome and autosomes (Garrigan et al., 2014; Musters et
al., 2006; Richards et al., 2005); comparing duplicated genes copies that are X-linked or
6

autosomal (Thornton et al., 2006; Thornton and Long, 2002); or using orthologous genes
that are X-linked and autosomal (Counterman et al., 2004). There is also ample evidence
for faster-X or Z evolution in other taxa, such as birds. In birds 25% of Z-linked genes
are categorized as fast evolving genes, compared to the 10% identified for autosomal
genes (Ellegren, 2009). Comparisons of orthologous genes showed that Z-linked genes
had a higher average dN/dS compared to autosomal genes, in the zebra finch and chicken
genomes (Ellegren, 2009; Mank et al., 2007). Studies of introgression between Ficedula
flycatcher species, which naturally hybridize, was found to be almost exclusively of
autosomal loci with strong selection against introgression of the sex chromosome.
Comparisons of human and mouse orthologous genes showed that X-linked sperm
proteins posses an average of non-synonymous mutation rate that is almost twice as high
as sperm genes on autosomes (Torgerson and Singh, 2006). In the house mouse, X-linked
loci displayed lower diversity, lower introgression and an elevated dN/dS ratio across the
subspecies boundaries (Baines and Harr, 2007; Payseur et al., 2004). Faster-X evolution
has also been tested in Lepidoptera. In the silkmoth, the faster evolution of the Z-linked
genes is primarily driven by a strong effect in genes with biased expression in the
hemizygous sex. These results are the result of by comparing both dN/dS ratios and
estimates of selection (Sackton et al., 2014). Beyond animals, in the plants Silene latifolia
and S. dioica, there is a higher species differentiation and a much lower level of gene
flow for X-linked genes in comparison to autosomal genes (Hu and Filatov, 2015). These
studies demonstrate the clear prevalence and importance of faster-X or Z evolution in the
divergence of species.

7

In the early stages of divergence, taxa begin to differentiate from each other in
allele frequencies, but often have not yet accumulated nucleotide substitutions. The
normalized difference in allele frequency among groups is measured by using FST, which
is a relative measure of population differentiation. Loci under divergent selection are
expected to have higher FST, depending on the strength of selection (Butlin, 2010;
Cruickshank and Hahn, 2014). Within Drosophila mauritiana, the sex chromosome has
elevated nucleotide divergence relative to the autosomes with a recurrent adaptive
evolution of protein-coding genes. McDonald-Kreitman (MK) tests, which compare
polymorphism levels within species to divergence between species, were used to estimate
the proportion of adaptive substitutions (Garrigan et al., 2014). In the Ficedula
flycatchers, the Z chromosome showed a significant higher average FST than autosomes.
Divergence was more uniformly distributed along the sex chromosome and did not show
the characteristic distinct island of divergence seen in most autosomes. 35% of all the
fixed differences in the genome were found in the Z chromosome (Ellegren et al., 2012).
Lavretsky et al (2015) present evidence that divergence, and maybe even speciation, of
two incipient duck species is related with key sex-linked regions under selection. The
fixation index ΦST for Z-linked markers were substantially higher than expected
compared to autosomal markers. In Lepidoptera (butterflies), comparisons of the two
sister species H. cydno and H. pachinus, with H. melpomene revealed a clustering of
highly divergent regions on the Z chromosome, supported by higher FST values and
reduced levels of admixture on the Z chromosome when compared to autosomes
(Kronforst et al., 2013; Martin et al., 2013). Collectively, these studies suggest the faster-
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X or Z evolution may be important and detectable in the earliest stages of species
divergence.
An important limitation to the previous studies testing for faster-X evolution is
that most studies use taxa at the species level; our interest is to study races, or incipient
species, to test for faster-X evolution at the early stages of speciation.
1.3

Heliconius butterflies
With the previous background, it is now clear that the sex chromosome plays an

important role during the speciation of different taxa. In order to test for faster-Z
evolution and its role during the early stages of speciation, we study an ideal group for
this purpose: Heliconius butterflies. Heliconius butterflies display bright wing color
patterns that are under strong natural selection. These patterns help warn potential
predators of their unpalatability (Mallet, 1993; Supple et al., 2013). The adaptive
radiation of warning colors in the Heliconius erato clade has resulted in a mosaic of over
25 color pattern races and incipient species distributed across most of Central and South
America. The red color pattern on the wings consists of three different elements, the
presence or absence of the red “dennis” patch at the proximal portion of the forewing, the
color of the forewing band and the presence of absence of red hindwing “rays” (Papa et
al., 2008). A combination of these elements produces two major red phenotypes:
“postman” and “rayed”. Postman races are characterized by a red forewing band and do
not have either the red dennis or hindwing rays. Rayed races posses a yellow forewing
band, red dennis patch and hindwing rays (Supple et al., 2013). The major color
differences between the two phenotypes are mainly caused by three-color pattern loci: the
D locus (red presence/absence), the Sd locus (melanic pattern shape across forewing
9

band) and the Ro locus (distribution of the melanin in upper forewing band) (Kronforst
and Papa, 2015; Papa et al., 2013; Supple et al., 2013). The history of wing color pattern
evolution has shown that H. erato races with similar red wing patterns likely share a
common origin (Hines et al., 2011; Supple et al., 2013). Phylogenetic analyses between
races of H. erato, based on red color pattern, supports a single origin of the “rayed” color
pattern (Supple et al., 2013). The phylogenetic relationships reconstructed for color
pattern loci suggest that the rayed phenotype, which has a largely Amazonian
distribution, evolved and expanded recently displacing the ancestral red-banded
phenotype. Nucleotide variation at nuclear markers unlinked to color pattern grouped
largely by geography, and reflect the demographic history of the different geographic
regions (Hines et al., 2011).
The rate of hybridization in Heliconius is approximately 34% (Mallet, 2008),
which is one of the highest among a variety of eukaryotes surveyed in the wild (Mallet,
2005). When the divergently color patterned races of Heliconius erato overlap
geographically they frequently hybridize. The rate of hybridization is negatively
correlated with the amount of genetic divergence. By assuming that molecular evolution
is clock-like, the frequency of hybridization would be related to the time since divergence
(Mallet et al., 2007). Hybrid zones can be compared to each other based on the levels of
reproductive isolation to explore ecological pressures and evolutionary processes that
drive speciation.
1.3.1

Heliconius erato speciation continuum
Heliconius erato hybrid zones are ideal for studies involved in processes like the

early stages of speciation. The ecological (e.g. warning color), pre-mating (e.g. mate
10

preference) and post-zygotic (e.g. hybrid sterility) barriers vary between hybridizing H.
erato races, each pair reflecting a distinct level of reproductive isolation. On one end of
the spectrum, there are broad hybrid zones between races with similar red color
patterning, as seen in Heliconius erato petiverana and H. e. hydara hybrid zone in
Panama (Mallet, 1986; Supple et al., 2013). These races in Panama differ at only a single
color pattern locus, show no evidence of pre- or post- mating barriers and have near zero
levels of genomic divergence, except at the one major color pattern locus. This hybrid
zone has also been shown to move geographically suggesting the hybrid zone is not
associated with a shift in habitat or other ecological factors (Mallet, 1986). The majority
of the hybrid zones in Heliconius erato involve races that belong to two major color
pattern phenotypes: postman and rayed. Hybrid zones between postman and rayed races
have been studied previously in Peru (H. e. favorinus and H. e. emma) (Mallet et al.,
1990), French Guiana (H. e. hydara and H. e. erato) (Mallet, 1993) and Ecuador (H. e.
notabilis and H. e. lativitta) (Nadeau et al., 2013; Salazar Carrión, 2013; Supple et al.,
2013). On the other end of the spectrum is the hybrid zone between Heliconius himera
and H. erato cyrbia in Ecuador, which shows nuclear and mitochondrial fixed differences
with strong behavioral (pre-mating) isolation, but no post-zygotic isolation (Jiggins et al.,
1997, 1996; Mallet and Dasmahapatra, 2012).
1.4

Question and predictions
In our study we test if faster-Z evolution occurs during the early stages of

speciation, and if so, does it result from adaptive or non-adaptive processes. We predict
that if faster-Z evolution occurs early in the divergence process divergence levels should
be higher and admixture should be lower on the Z chromosome than on autosomes. We
11

would also predict to see that this divergence would accumulate with time, and that more
reproductively isolated populations would have the highest differences between Z and
autosomal divergence rates. To test for faster-Z evolution we use whole genome resequencing of Heliconius erato races and the incipient species H. himera to compare
patterns of diversity and divergence across the Z chromosome and autosomes.

12

CHAPTER II
METHODS
Whole genome sequencing was used to examine the relative rates of diversity and
divergence on the Z chromosome and autosomes in Heliconius butterflies.
2.1

Sampling
We studied 28 phenotypically pure individuals of Heliconius erato from three

hybrid zones that reflect three different levels of reproductive isolation (Figure 2.1). The
first two hybrid zones are between races of H. erato and show no evidence of pre-mating
or post-mating isolation (Mallet, 1989, 1986; Mallet and Barton, 1989). The hybrid zone
located in Panama is between two races two “postman” races that differ from each other
by only a single wing color locus (Heliconius erato petiverana and H. e. hydara). The
hybrid zone in Ecuador is between races with “postman” and “rayed” color patterns that
are controlled by allelic changes at three loci (Heliconius erato notabilis and H. e
lativitta). The individuals from these two hybrid zones were collected and used in Supple
et al. (2013). The third hybrid zone is between the putative incipient species of
Heliconius himera and H. erato cyrbia that show pre-mating isolation, but no intrinsic
post-mating isolation (Jiggins et al., 1997, 1996; Mallet and Dasmahapatra, 2012; Merrill
et al., 2015). The individuals from this last hybrid zone were collected and used in Supple
et al. (2015).
13

Figure 2.1

Locations for three focal hybrid zones in Panama and Ecuador.

Blue: Heliconius erato hydara, H. e. petiverana, Red: H. e. notabilis, H. e. lativitta and
Black: H. e. cyrbia, H. himera.
2.2

DNA Extraction and Sequencing
Three to five individuals of each race and species were analyzed. DNA was

extracted from thorax or whole pupae for Illumina library preparation. Whole genomes
were sequenced on the Illumina HiSeq platform (100 bp paired-end reads). Raw reads
were acquired from Supple et al. (2013) and Supple et al. (2015). Further details for
extraction and sequencing can be found in the Appendix A.2.
2.3

Mapping of sequence reads to reference genome
Heliconius erato sequence reads were mapped to a modified version of the H.

melpomene v1 genome (www.butterflygenome.org). The modified version of the
reference genome corrected the placement of several Z-linked scaffolds that were initially
misassembled. The steps and python scripts used for this purpose are in the Appendix
A.1. The reads were mapped to the modified reference with Bowtie 2 2.1.0 (see Table
14

A.1 for run parameters; (Langmead and Salzberg, 2012)). GATK version 3.1-1
(UnifiedGenotyper) was used to call and filter multisample genotypes
(www.broadinstitute.org/gatk/) across samples with heterozygosity of 0.025 (Appendix
Table A.1). We filtered and removed individual and sample low quality genotypes, low
coverage regions and regions with hypercoverage with GATK’s VariantFiltration
(Auwera et al., 2013; Supple et al., 2013). The parameters used for the genotype calling
and filtering are provided in Table A.1. The scripts for alignments, genotype calling and
genotype filtering can be found in the Appendixes A.3, A.4 and A.5, respectively.
2.4

Divergence and diversity analyses
For each pair of hybridizing populations, and in order to determine divergence

between sex and autosomal chromosomes along the speciation continuum, we calculated
population divergence by estimating FST using (Pi(between)-Pi(within))/Pi(between)
(Hudson et al., 1992), which uses the average pairwise differences between and within
populations. We also calculated a new autosomal FST excluding all the chromosomes that
are identified to have main wing color pattern loci (chromosomes 10, 15 and 18) (Nadeau
et al., 2014, 2012; Papa et al., 2013); and again compared it to the FST of the sex
chromosome. FST is a relative measure of population differentiation, as it is affected by
within population nucleotide diversity. For this reason we also calculated dxy, which is an
absolute measure of divergence (i.e. the absolute number of differences between two
groups of sequences) that is independent of the levels of diversity within populations
(Cruickshank and Hahn, 2014). Analyses of divergence at a position were calculated,
only if 100% of the individuals for each of the two taxa were genotyped. The WilcoxMann-Whitney U-test was used to test for statistical differences of population
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differentiation in allelic frequency, determined by FST, between the sex chromosome and
the autosomes. Nucleotide diversity (π, average number of pairwise differences) was
calculated, for the autosomes and Z chromosome, for each of the hybridizing races and
incipient species. We measured the ratio of nucleotide diversity of the Z chromosome
relative to the autosomes when controlling for the difference in population size; the
Wilcox-Mann-Whitney U-test was used to test for differences in nucleotide diversity
between autosomes and Z chromosome. Nucleotide diversity at a position was only
calculated if 100% of the individuals for each of the two taxa, were genotyped. Analyses
of divergence (FST, dxy) and nucleotide diversity (π), were conducted with slidingwindows across the whole genome (100-kb window-size, 20-kb step-size) that required
estimates for at least 1% (1000) of the positions in the window.
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CHAPTER III
RESULTS
Alignments of the H. erato sequences to the divergent H. melpomene reference
genome covered ~20% of the 273 Mb H. melpomene genome with 15X - 35X depth of
coverage after quality filtering the data and removing properly unpaired reads (59.5%;
Table 3.1).
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Table 3.1

Samples and mapping data
Properly
Number of

Hybrid zone Species
Panama

Ecuador

reads

position (%)

Sample ID

78°41'23''W

STRI0039

53723260

64.3

09°09'09''N

78°41'23''W

STRI0040

54985081

09°09'09''N

78°41'23''W

STRI0042

55879081

H. e. petiverana09°09'09''N

78°41'23''W

STRI0033

09°07'46''N

78°42'55''W

ED3

09°07'46''N

78°42'55''W

ED4

09°07'46''N

78°42'55''W

ED5

09°07'46''N

78°42'55''W

01°05'54''S

77°35'02''W

01°05'54''S
01°05'54''S

H. e. himera

3.1

reads

Longitude

H. e. cyrbia

SNPs per
genotyped

09°09'09''N

H. e. lativitta

Positions

Mapped pairs (% of Number of reads genotyped

Latitude

H. e. hydara

H. e. notabilis

Ecuador

mapped

paired end

mapped)

mapped

(%)

42.4

14646679.82

24.13

5.23

63.49

41.3

14417841.53

24.40

5.32

63.84

42.26

15075496.56

24.04

4.39

50606981

63.85

42.13

13613280.42

23.79

5.02

79848146

64.15

49.97

25595926.05

25.41

6.15

77997401

63.5

49.62

24575967.09

25.22

6.00

60922100

65.21

51.25

20360241.97

24.26

5.29

ED6

72039988

65.05

50.86

23834019.4

25.07

5.77

BC_0411

82234945

59.55

36.97

18104545.33

20.04

8.30

77°35'02''W

lativitta_01

55007275

60.8

38.3

12809214.09

18.83

6.14

77°35'02''W

lativitta_02

70156062

61.77

40.67

17624506.98

19.55

7.39

01°05'54''S

77°35'02''W

lativitta_03

80058495

63.69

41.72

21272717.38

19.83

8.02

00°42'45''S

77°44'26''W

lativitta_04

84018273

62.15

40.14

20960046.97

19.94

8.18

01°23'57''S

78°10'52''W

BC_0410

78516169

61.5

37.99

18344399.95

20.09

8.39

01°23'57''S

78°10'52''W

notabilis_01

56434329

62.29

38.34

13477638.55

19.06

6.75

01°23'57''S

78°10'52''W

notabilis_02

58901620

60.04

35.5

12554409.09

19.18

6.85

01°23'57''S

78°10'52''W

notabilis_03

64868484

62.27

37.94

15325333.73

19.51

7.30

01°23'57''S

78°10'52''W

notabilis_04

59804065

62.64

38.03

14246519.58

19.37

7.10

03°43'35''S

79°50'12''W

cyrbia_004

58110947

61.71

38.81

13917369

18.97

6.54

03°43'35''S

79°50'12''W

cyrbia_005

53098890

61.65

38.59

12632616.21

18.55

6.05

03°43'35''S

79°50'12''W

cyrbia_023

52694366

60.5

35.28

11247296.26

18.77

6.27

03°43'35''S

79°50'12''W

cyrbia_024

52080755

63.36

40.58

13390737.07

18.69

6.19

03°43'35''S

79°50'12''W

cyrbia_026

15031793

64.24

42.84

4136811.966

4.30

1.89

04°16'34''S

79°11'45''W

himera_001

47953654

62.24

37.91

11314752.9

18.53

5.73

04°16'34''S

79°11'45''W

himera_002

52114768

62.11

37.49

12134944.05

18.95

6.13

04°16'34''S

79°11'45''W

himera_003

54102534

60.88

35.83

11801550.21

18.99

6.28

04°16'34''S

79°11'45''W

himera_006

38797900

60.68

34.53

8129247.943

16.60

4.67

04°16'34''S

79°11'45''W

himera_030

36866545

61.52

35.61

8076454.29

16.28

4.40

Evidence of faster-Z divergence
FST estimates were significantly greater for the Z chromosome than the autosomes

for two of the Heliconius erato hybrid zones (Figure 3.1, Table 3.2). Between the
hybridizing Panamanian races, FST was nearly 60% greater on the Z relative to the
autosomes, however between the hybridizing races from Ecuador FST was nearly identical
18

and not significantly different on the Z and autosomes (Table 3.2; p>0.05, Wilcox-MannWhitney test). Between the incipient species (H. himera and H. e cyrbia), there was the
greatest Z-linked FST and the most significant differences between the Z and autosomes
(Table 3.2) (p<<0.001, Wilcox-Mann-Whitney test). FST comparisons excluding the three
chromosomes that contain major color pattern, which are all known to be autosomal and
not Z-linked, showed identical differences on the Z and autosomes for each hybrid zone
(Table 3.3). Comparisons of dxy, a measure of the absolute number of differences between
two populations, did not show significantly higher values on the Z chromosome relative
to the autosomes in any of the three comparisons (Table 3.2; p>0.05, Wilcox-MannWhitney test). In fact, dxy is lower on the sex chromosome relative to the autosomes for
all three hybridizing pairs (Figure 3.2). For the pairs of hybridizing races, the variance in
dxy across the genome was much greater than the genome wide variance in FST; however,
between the incipient species, the opposite was found due to a large variance in FST
across the autosomes and especially the Z chromosome. Again, removing the
chromosomes that contain the main wing color pattern loci we did not have an effect on
the relative rates of dxy for the Z and autosomes (Table 3.3).
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Figure 3.1

Genomic divergence, FST, along the speciation continuum of hybridizing
populations of H. e. hydara and H. e. petiverana; H. e. notabilis and H. e.
lativitta; and H. cyrbia and H. e. himera.

Sliding window values calculated for 100-kb window size and 20 kb step size.
Alternating light and dark shading represent the chromosomes.
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Figure 3.2

Genomic divergence, dxy, along the speciation continuum of hybridizing
populations of H. e. hydara and H. e. petiverana; H. e. notabilis and H. e.
lativitta; and H. cyrbia and H. e. himera.

Sliding window values calculated for 100-kb window size and 20 kb step size.
Alternating light and dark shading represent the chromosomes.
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Table 3.2

Reproductive isolation and genomic divergence.
REPRODUTIVE ISOLATION

POPULATION
PAIR
H. e. hydara vs.
H. e. petiverana
(PANAMA)
H. e. notabilis vs.
H. e. lativitta
(ECUADOR)
H. e. cyrbia vs.
H. himera
(ECUADOOR)

FST

Hybrid
zone
width
(Km)

Color
pattern
loci

% of
hybrids

Pre
mating
isolation

Post
mating
isolation

80

1

58

None
known

No

None
known

No

Yes

No

8.8722.59

3

5

3

51

5 - 10

Z
Autosomes chromoso
me
0.014

0.025

±0.0004

±0.0010

0.023

0.023

±0.0011

±0.0007

0.520

0.622

±0.0150

±0.0362

dXY
p-value

0.001*

Z
Autosomes chromoso
me
0.010

0.006

p-value

NS

±0.000004 ±0.000002
NS

0.012

0.006

NS

±0.000006 ±0.000003
<0.001**

0.010

0.004

NS

±0.000005 ±0.000006

p-value, Wilcox-Mann-Whitney U-test.
Table 3.3

Reproductive isolation and genomic divergence, excluding autosomes with
major color pattern loci
REPRODUTIVE ISOLATION

POPULATION
PAIR
H. e. hydara vs.
H. e. petiverana
(PANAMA)
H. e. notabilis vs.
H. e. lativitta
(ECUADOR)
H. e. cyrbia vs.
H. himera
(ECUADOOR)

Hybrid
zone
width
(Km)

Color
pattern
loci

80

1

8.8722.59

3

5

3

% of
hybrids

Pre
mating
isolation

Post
mating
isolation

58

None
known

No

None
known

No

Yes

No

51

5 - 10

FST

dXY

Autosome
Z
p-value
s not 10, chromoso
not
15, 18
me
10,15,18

Autosome
Z
p-value
s not 10, chromoso
not
15, 18
me
10,15,18

0.013

0.025

±0.0003

±0.0010

0.021

0.023

±0.0003

±0.0007

0.507

0.622

±0.0153

±0.0362

<0.001**

0.010

0.006

NS

±0.000004 ±0.000002
NS

0.012

0.006

NS

±0.000007 ±0.000003
<0.001**

0.010

0.004

NS

±0.000006 ±0.000006

p-value, Wilcox-Mann-Whitney U-test.
3.2

Faster-Z evolution before and after speciation
Along the speciation continuum we largely find that genomic divergence

increases across the autosomes and the Z chromosome with the increase in reproductive
isolation, as predicted. However, the Z chromosome in H. erato races appear to be the
exception, as there was not an increase in FST between the weakly isolated hybridizing
races in Panama (H. e. petiverana and H. e. hydara, FST =0.025 ±0.0010) and the more
ecologically isolated hybridizing races in Ecuador (H. e. notabilis and H. e. lativitta, FST
=0.023 ±0.0007; Table 3.2). Across the genomes of the Panamanian races, the highest FST
peak is at the locus that controls the differences in wing color pattern between races (Cr
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locus on chr. 10). Similarly, between the genomes of H. e. notabilis and H. e. lativitta the
highest peaks of FST are at the loci that control the major color pattern difference between
the races: Cr, which controls yellow elements on the wing (chr. 10), Sd locus that
controls pattern shape (chr. 18) and the D locus that controls red color patterns (chr. 15).
As noted above, Faster-Z divergence was observed in FST analyses for both between the
weakly isolated races in Panama and the much more strongly isolated incipient species in
Ecuador. It is worth noting that not only the average FST, but also the variance in FST was
highest between the incipient species. The variance increases ~26X on the autosomes and
~44X on the Z chromosome, where several loci show close to none (FST ~0) as well as
complete differentiation (FST ~1) (Figure 3.1).
3.3

Highly reduced nucleotide diversity between species
Nucleotide diversity (π), a measure of the genetic variation within each color

pattern race, was highly reduced on the Z chromosome relative to the autosomes (Table
3.4; Figure 3.3). All H. erato races showed similar patterns of variation across the
autosomes and X chromosomes, especially pairs of hybridizing races that showed nearly
identical patterns. However, the incipient species H. himera showed much lower diversity
across the entire genome. The difference on nucleotide diversity between the incipient
species is bigger for the autosomes and it is considerably reduced when comparing the Z
chromosomes. In all populations the nucleotide diversity of the sex chromosome is
smaller than what is expected due to its smaller population size (¾ of the autosomes)
(Figure 3.4). The lowest nucleotide diversity is seen in both of the hybridizing incipient
species (H. himera and H. erato cyrbia), which are less than ½ of the autosomes. The
standard deviation for H. himera is considerably higher when compared to the rest of the
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populations (Figure 3.4). The hybridizing incipient species, that showed the highest
divergence between the sex chromosome and the autosomes, also show the lowest
nucleotide diversity on the Z chromosome when compared to the expected three-quarters
of the autosomes due to its smaller population size.
Table 3.4

Nucleotide diversity (π) for each population of Heliconius erato and H.
himera sampled (mean and variance).
NUCLEOTIDE DIVERSITY (π)

POPULATION
Autosomes

Z chromosome

0.0088

0.0052

±3.13E-06

±1.86E-06

0.0093

0.0055

±3.19E-06

±1.8E-06

0.0104

0.0058

±5.14E-06

±2.81E-06

0.0106

0.0057

±5.02E-06

±2.57E-06

0.0065

0.0021

±4.75E-06

±1.68E-06

0.0036

0.0012

±3.59E-06

±1.43E-06

Z/(3/4)A
0.79

H. e. hydara

H. e. petiverana

p-value

<0.001**
0.79

<0.001**

0.74

H. e. notabilis

<0.001**
0.72

H. e. lativitta

<0.001**
0.42

H. e. cyrbia

<0.001**
0.46

H. himera

<0.001**

Ratio of nucleotide diversity of the Z chromosome relative to the autosome controlled for
the difference in population size (p-value, Wilcox-Mann-Whitney test).
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Figure 3.3

Nucleotide diversity (π) along the speciation continuum.

Sliding window plots (100-kb window size, 20 kb step size) across all 20 autosomes and
the Z chromosome for six races and incipient species.
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Figure 3.4

Comparison of mean autosomal and Z-linked nucleotide diversity (π),
relative to the average autosomal nucleotide diversity for each race or
species.

Dotted lines reflect the expected relative diversity estimates for the autosomes (1) and Z
chromosome (3/4).
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CHAPTER IV
DISCUSSION
4.1

Faster-Z evolution driving population divergence in Heliconius butterflies
One of the most interesting findings of our study is the highly significant

divergence of the Z chromosome between a pair of hybridizing races and a pair of
hybridizing incipient species of Heliconius butterflies. Therefore the Z chromosome
seems to play an important role in the early stages of divergence in Heliconius. Previous
genome-wide analyses between non-sister Heliconius species (H. melpomene, H. cydno
and H. timareta) showed a significant reduction of admixture of the Z chromosome (in
sympatry and allopatry) in comparison to autosomes (Martin et al., 2013) and therefore
faster-Z evolution. In contrast, data of Kronforst et al. (2013) showed that there was no
difference in Z chromosome and autosomal divergence between the sister species H.
pachinus and H. cydno indicating that at a species level, there may not be a detectable
difference between the Z chromosome and the autosomes. Faster-Z evolution has been
tested in other Lepidopterans. Collectively, these results along with findings from other
ZW taxa like, birds (Borge et al., 2005; Ellegren, 2009), as well as in XY systems like
insects (Drosophila: Counterman et al., 2004; Garrigan et al., 2014), mammals (mice:
Payseur et al., 2004) and plants (Hu and Filatov, 2015), show that faster-X and Z
evolution appears to be one of the common observations of in the genomic divergence of
closely related species.
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4.2

Faster-X evolution during the early stages of divergence
There is evidence that fast-X/Z evolution might be playing an important role at

the early stages of divergence in animal and plants, as we have seen in our study in
Heliconius. At early stages of divergence taxa can still hybridize and there is not
complete reproductive isolation. At these stages natural selection can cause important
variants to rapidly increase or decrease in allele frequency, resulting in patterns of
divergence and polymorphisms that deviate from neutral expectations (Begun et al.,
2007). There is evidence of reduced gene flow and/or elevated divergence on X or Z
chromosomes in a broad range of organisms including plants (Silene latifolia and S.
dioica, XY), mice (Mus musculus and M. domesticus, XY; Payseur and Nechman., 2005),
Mexican ducks and mallards (Lavretsky et al., 2015). In Drosophila mauritiana there is
evidence that the X chromosome shows elevated levels of divergence, evidence of
adaptive protein-coding evolution (e.g. McDonald–Kreitman tests) and an excess of
recent selective sweeps (Garrigan et al., 2014). This study provides perhaps some the
earliest evidence of faster-Z evolution between the Panamanian races that despite being
homogeneous across their genomes, except a couple major color pattern loci, the Z
chromosome still has significantly higher population differentiation than the autosomes.
4.3

Drivers causing faster-X in Lepidoptera
The greater efficacy of selection on the sex chromosomes is expected to lead to a

faster fixation of beneficial mutations on the sex chromosome, relative to the autosomes,
under certain conditions. This would be caused by the hemizygosity of the X
chromosome in males, were recessive mutations in this chromosome are immediately
exposed to selection in males. Positive selection can therefore lead to an increase
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divergence on the X or Z chromosomes, as was recently found between two closely
related silkmoth species (Sackton et al., 2014). Similarly, purifying selection can also be
more efficient on the Z, and lead to the more rapid removal of deleterious alleles on the Z
chromosome relative to autosomes, which would result in a relative dearth of
polymorphisms of the Z, as was recently seen in a study in two Drosophila lineages
(Ávila et al., 2014). Alternatively, faster-X can also result from non-adaptive process like
genetic drift after bottlenecks (Begun et al., 1997) or founder events (Whitlock and
Wade, 1995), as was recently shown in birds (Wright et al., 2015).
The increase of divergence (FST) seen in our study, from the hybridizing races to
the incipient species, is present along the entire genome. And this phenomenon is also
seen but in the opposite direction by the reduction in polymorphisms seen along the
genome in both incipient species, where the lowest nucleotide diversity is seen in the
incipient species Heliconius himera. It is important to consider that FST is referred as a
‘relative’ measure of population differentiation because it takes into account both the
nucleotide diversity of the total sample, πT, and the nucleotide diversity of each
population, πS. Therefore, FST values can be inflated if nucleotide diversity within a
population is low. Evidence of higher divergence resulting from selection and reduced
gene flow on the sex chromosome will require that relative measures of divergence, like
FST, agree with absolute measures of divergence, like dXY. This measure, dXY, is
independent of the levels of diversity within the populations, it measures the differences
that existed before the split and the differences that have accumulated after the split
(Cruickshank and Hahn, 2014). In our study dXY is lower for the sex chromosome relative
to the autosomes in all three comparisons, showing the opposite results when compared
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to FST. However, the power of using the absolute measures of divergence dXY can be very
low when using taxa that have recently split, which is the case of our hybridizing races of
Heliconius erato and the incipient species of H. erato and H. himera (Cruickshank and
Hahn, 2014). A study done with the recently diverged taxa of mallard and Mexican ducks
showed that Z-linked loci, under divergent selection, had elevated relative and absolute
estimates of divergence compared to the autosomes, similar results were found for the
hybridizing sister species of Silene latifolia and S. dioica (Hu and Filatov, 2015;
Lavretsky et al., 2015). Both studies involving closely related species show a
concordance between both different measures of divergence FST and dXY. Sex-linked
markers, as well as mitochondrial markers, often have elevated divergence when
compared to autosomal markers, mainly during the early stages of speciation (e.g. birds,
mammals and insects) (Lavretsky et al., 2015). The sex chromosome is expected to have
lower nucleotide diversity compared to autosomes due to its smaller population size,
which is three-quarters of the autosomes. Therefore, X or Z chromosomes are more likely
to be affected by drift, compared to autosomes (Whitlock and Wade, 1995). FST values
are expected to be higher, and diverge faster, for genetic regions where the effective
populations size (NE) is low (Hu and Filatov, 2015; Kronforst et al., 2013; Wang et al.,
2014). In our study the measurements of variation within a population for the Z
chromosome are significantly lower than the theoretical three-quarters of the autosomes,
showing that the reduced polymorphisms in Heliconius erato and H. himera is not only
caused by its smaller NE. Similar results were found in all great ape species, pied and
collared flycatchers and the silkmoth with less polymorphisms on the Z chromosome than
the autosomes, which has been interpreted as evidence for more efficient selection fixing
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advantageous variants or removing deleterious variants on the X/Z chromosome (Borge
et al., 2005; Nam et al., 2015; Sackton et al., 2014).
4.4

Potential demographic history of Heliconius himera
In population genetics, and for each study system, it is important to determine the

relative importance of natural selection and neutral/demographic factors in shaping the
genome (Borge et al., 2005; Lavretsky et al., 2015; Wall et al., 2002). Our analysis
suggests a considerable increase of genetic divergence along the entire genome between
incipient species compared to hybridizing races; divergent selection would affect genome
variation locally, at loci under selection, while demographic processes would affect the
evolution of the entire genome (Borge et al., 2005). We suggest this may be the signature
of historical demographic process that caused the reduction of nucleotide polymorphisms
across the entire genome of H. himera. Population size reductions have been empirically
shown to lead to particularly low nucleotide diversity on the X chromosome (Pool and
Nielsen, 2007). Studies in Drosophila found that reduced X-linked relative to autosome
variability is supportive with a demographic bottleneck at the origin of the population
(Baines and Harr, 2007). These suggest that Heliconius himera might have experienced a
loss of nucleotide diversity across the entire genome through a population bottleneck, and
not necessarily as a result of selection (Begun et al., 1997; Whitlock and Wade, 1995).
Historical processes, like climatic changes caused by glacial and interglacial periods, can
lead to expansions, contractions and also fragmentation of populations (Muñoz et al.,
2011). As a result, the geographic divergence within different taxa, like birds, amphibians
and even Heliconius, is frequently hypothesized to result from geographic isolation in
refuges during the ice ages of the Pleistocene. After the ice melted, populations expanded
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from the refuges, resulting in secondary contact (Mallet et al., 1996). Colonization and
founding events to new environments, which could be the case for H. himera that inhabit
dry tropical areas, are often associated with bottlenecks that can affect sex chromosomes
and autosomes to different extents (Begun et al., 1997; Whitlock and Wade, 1995).
Random genetic drift is thought as a strong force responsible for creating genetic
divergence between populations; drift has been considered sometimes as important as
natural selection in the process of speciation (Whitlock and Wade, 1995). A considerable
reduction in polymorphisms can directly affect the statistic FST, and that reduction can be
directly caused by smaller population sizes (NE) (Charlesworth et al., 1997; Cruickshank
and Hahn, 2014). We suggest that the increased observed differentiation between H.
himera and H. cyrbia could be caused by their smaller NE, which gave rise to their low
number of polymorphisms compared to races of the other two hybrid zones. In the past
years an increased importance has been given to studies that consider the potential
influence of demography and population history in shaping the amount of variation in the
genome (Borge et al., 2005; Sackton et al., 2014; Stephan, 2010). For Heliconius
erato/himera butterflies, the higher divergence (FST) of the sex chromosome might not be
caused by selection on its genes, but maybe by demographic changes that the populations
went through that shaped the whole genome in a particular way.
An important observation in Heliconius erato cyrbia is the lower nucleotide
diversity seen through the entire genome relative to the rest of the races of H. erato; and
also the comparable values of nucleotide diversity of the Z chromosome between H. e.
cyrbia and H. himera. As suggested for H. himera, the reduction of nucleotide diversity
on the entire genome of H. e. cyrbia could have been caused by a demographic process
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like a bottleneck (Borge et al., 2005; Mallet et al., 1996; Pool and Nielsen, 2007).
However, we do not consider this as a strong hypothesis to explain the reduced
nucleotide diversity because H. e. cyrbia is distributed in geographical areas where the
environment is very similar to the environment where other H. erato races live and there
is no evidence of pre or post mating isolation between them. Another potential
explanation is that hybridization and gene flow with H. himera, that resulted in H. e.
cyrbia having intermediate divergence levels between the H. erato races and H. himera.
4.5

Causes of faster-Z or X evolution
It is complicated to find an overall pattern across taxa of the faster-X effect based

on empirical results, but there seems to be a tendency where systems with male
heterogamy show faster-X evolution mainly attributable to more efficient selection
(Drosophila, mammals), whereas faster-Z evolutions in female heterogametic taxa is
mainly attributable to increased drift (birds and snakes) (Ellegren, 2011; Sackton et al.,
2014). Our study supports the tendency seen in taxa where the female is the
heterogametic sex, where drift, due to a potential population neck, plays the main role in
faster-Z evolution in Heliconius.
Changes in the effective population size of the sex chromosome relative to the
autosomes (NE X/ NE A) can play a crucial role in faster-X evolution. It is so important
that the recessivity of a new mutation that was required by Charlesworth et al. (1987) for
faster-X evolution, is not as relevant when NE X/ NE A is closer to 1 (Vicoso and
Charlesworth, 2009). Many studies have addressed the role of the X/Z chromosome in
speciation by focusing on species where genes on the X chromosome are mainly
hemizygous, other studies used species with non-hemizygous X-chromosome in males
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(Presgraves and Orr, 1998). In all cases there is a disproportionate large role of the X or Z
chromosome in speciation. This gives an insight of how cautious we should be to use
mechanisms that consider hemizygosity as the main reason to explain the large role that
the sex chromosome plays in speciation (Hu and Filatov, 2015).
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CHAPTER V
CONCLUSIONS
Our study shows evidence for faster-X evolution at the early stages of speciation
in Heliconius butterflies for two out of our three hybridizing populations. Within all races
and species, the nucleotide diversity of the Z chromosome is significantly lower than the
expected three-quarters of the autosomes, with the lowest values for the incipient species.
We found that the demographic history and a potential bottleneck in Heliconius himera
might have caused faster-Z evolution and not selection. There are many factors that can
affect the amount of genetic variation within a population and, changes in population
size, is considered an important modifier. Further studies involving coalescence
simulations would help us understand how the demography and population history of
Heliconius has shaped the genome. It will also help determine the role that positive and
negative selection has played in the evolution of Heliconius.
An ideal way of improving this study would be adding one or two more
hybridizing populations that would fit the speciation continuum, and use the Heliconius
erato reference genome to increase the ~20% of the genome that we were able to
genotype.
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A.1
A.1.1

Steps and scripts used to modify the Heliconius melpomene v1 reference
genome)
From the H. melpomene reference genome, make a 0 with v1 reference
genome
This was accomplished by using fasta_formatter [-w 0]. The reference genome

was downloaded from: http://www.butterflygenome.org/
A.1.2

Extract the Z scaffolds from the modified version of the H. melpomene
genome 0width_melpomene_genome.fasta.
Script used: extractRegions.py

A.1.3

Replace all Z scaffolds with “N” and add the Z scaffolds, with a different
name, to the end of the fasta file.
Script used: replaceZwithN.py

A.1.4

Remove scaffolds that only contain “N”.
Script used extract_whole_z_chromosomes2.py

A.2

Sequencing
Specimens from the hybridizing races (Heliconius erato petiverana, H. e. hydara,

H. e. notabilis and H. e. lativitta) were sequenced in Supple et al. (2013). According to
Supple et al. (2015), the samples of H. himera and H. e. cyrbia were sequenced following
Supple et al. (2013). Details of the sequencing are on the next paragraph.
After the DNA was extracted from each individual, whole genome Illumina
libraries were prepared. This process involves using a Covaris machine to shear the
DNA, followed by bead purification, and finally a standard preparation of an Illumina
library. To assess the quality of the library, a fluorimeter and qPCR were used. The whole
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genomes of each individual were sequenced on an Illumina GAIIx or HiSeq at Baylor
College of Medicine (Houston, TX), producing 100bp paired end reads. For each sample,
the sequence quality was examined using FastQC v0.8.0 (Andrews, 2011), reads were
hard trimmed where the 25th percentile base quality score dropped below 20, this was
done using FASTX-Toolkit´s fastx_trimmer v0.0.13 (Gordon, 2010) (Supple et al.,
2013).
A.3

Alignment of reads to reference genome
Script used: bowtie2_2.sh

A.4

Genotype calling
Script used: genotypermarg.not_lat_him_cyr_6.sh

A.5

Genotype filtering. Divergence and nucleotide diversity calculations
Script used: Run_pipeline_SVB.sh
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Table A.1

Alignment and genotype calling parameters

Bowtie 2 parameter

Value

Description

p

16

Specific number of parallel search threads.

local

Very-sensitive-local
mp

8,2

rdg

2,3

In this mode, Bowtie 2 does not require that
the entire read align from one end to the
other. Rather, some characters may be
omitted ("soft clipped") from the ends in
order to achieve the greatest possible
alignment score.
Same as: -D 20 -R 3 -N 0 -L 20 -i S,1,0.5
Sets the maximum (MX) and minimum
(MN) mismatch penalties, both integers.
Sets the read gap open (<int1>) and extend
(<int2>) penalties. A read gap of length N
gets a penalty of <int1> + N * <int2>.
Default: 5, 3.
Description

GATK parameter (Unified
Value
Genotyper)
EMIT_ALL_CONFIDENT_SITES

Produces calls at variant sites and confident
reference sites.
Produces calls only at variant sites.

EMIT_VARIANTS_ONLY
stand_emit_conf

10

hets

0.025

GATK parameter
(VariantFiltration)
QD

Value

The minimum phred-scaled confidence
threshold at which variants should be
emitted.
Heterozygosity value used to compute prior
likelihoods for any locus.
Description

< 5.0

Quality by depth

FS

> 200.0

Strand bias

DP

> 100 * number Hypercoverage per race
of samples
< 30
Genotype quality for the sample, which
equates to a probability of greater than
0.001 that the genotype called is incorrect
< 10
Low coverage per sample: Total
(unfiltered) depth over all samples
> 100
Hypercoverage per sample: Total
(unfiltered) depth over all samples
< 30
Genotype quality for the position,
calculated over all samples

GQ
DP
DP
QUAL
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